Sulfi de-rich environments in shallow water were considered as sites where animals acquired preadaptations enabling them to colonize deep-sea hydrothermal vents and seeps or where they survived extinction events in their deep-sea habitats. Here we document late Cenomanian shallow-water seep communities from the Tropic Shale in the Western Interior Seaway, United States, as a possible refutation of these hypotheses. The late Cenomanian was a time of extremely warm deep-water temperatures, which supposedly facilitated adaptations to the deep sea, and of widespread oceanic anoxia (oceanic anoxic event 2) that supposedly extinguished deep-water vent and seep faunas. Contrary to the expectations, the taxa of the Tropic Shale seeps were not found at coeval or younger deep-water seep or vent deposits. Furthermore, a cluster analysis of faunal similarity among Cretaceous vent and seep faunas revealed no distinction between pre-and post-Cenomanian seep faunas, but instead strong similarities among Aptian to Late Cretaceous seep faunas. This suggests that a low temperature gradient from shallow to deep water did not facilitate invasions of deep-sea vents and seeps from shallow water and that preadaptation for living at deep-sea vents and seeps did not evolve at shallow-water methane seeps. The vast majority of adaptations to successfully colonize deepsea vents and seeps were most likely acquired below the photic zone.
INTRODUCTION
Hydrothermal vents and methane seeps in the deep sea are inhabited by a unique suite of animals living on nutrients provided by symbiotic, sulfur-oxidizing bacteria rather than photosynthetic food (Van Dover, 2000) . Sulfi de is abundant in these ecosystems and originates from the venting fl uids, or in case of methane seeps, from sulfi de released by the anaerobic oxidation of methane via sulfate reduction (Corliss et al., 1979; Boetius et al., 2000) . The role of sulfi derich shallow-water habitats in the adaptation to deep-sea vents has been controversial during the past 20 years. It was hypothesized that the vent and seep faunas followed the onshore-offshore pattern of the deep-sea fauna in general, i.e., evolutionary novelties, refl ected in the origin of higher taxa, fi rst appear in shallow water, subsequently move offshore over geological time, and eventually arrive at vents and seeps (Tunnicliffe, 1992; Kiel and Little, 2006) . Sulfi de-rich sites of large food-falls like sunken whale carcasses and wood in shallower water were considered as adaptational stepping stones to deep-sea vents (Distel et al., 2000; Dominici et al., 2009 ). Shallow-water vents and seeps were regarded as refuges where deep-sea vent and seep taxa escaped extinction due to oceanic anoxic events (OAEs), and from where they recolonized vacant deepsea sites (Jacobs and Lindberg, 1998) . In addition, warm deep-water temperatures and thus low temperature gradients from shallow to deep water, a condition prevailing for most of the early Late Cretaceous (Huber et al., 2002) , are considered to facilitate invasion of the deep sea (Benson et al., 1984; Yasuhara et al., 2009 ). However, direct fossil evidence for such onshore-offshore adaptations is still scarce. Here we report Late Cretaceous shallow-water seep faunas from the Tropic Shale in southern Utah, United States, that lived during the terminal Cenomanian temperature increase and the OAE 2 (e.g., Jarvis et al., 2011) . This fauna provides a unique opportunity to test hypotheses on the role of shallowwater seep faunas in the colonization of deep-sea vents and seeps during times of low temperature gradients in the oceans and after putative extinction events in the deep sea.
METHODS
In addition to specimens collected in the fi eld, ~500 g of rock from each of two sites (Alton Sink and Cottonwood Canyon) was crushed to small pieces and immersed in 96% acetic acid with the addition of 3 g copper-II-sulfate per 100 mL acetic acid. When the samples had dried they were washed in warm water, wet sieved (mesh sizes down to 100 µm), and the air-dried residue was screened for microfossils. Thin sections of 50-60 µm thickness were used for petrographic microscopy. Samples for stable carbon and oxygen isotope analysis were extracted from counterparts of the thin sections, using a hand-held microdrill. Carbonate powders were reacted with 100% phosphoric acid at 75 °C using a Kiel III online carbonate preparation line connected to a ThermoFinnigan 252 mass spectrometer. All values are reported in per mil relative to Vienna Peedee belemnite by assigning a δ 13 C value of +1.95‰ and a δ 18 O value of -2.20‰ to reference material NBS19. Reproducibility was checked by replicate analysis of laboratory standards and is better than ±0.05‰.
Faunal comparisons are based on genera of noncephalopod mollusks. A cluster analysis of similarity indices (Raup-Crick, Dice, and Jaccard) was carried out, using published data for the following comparative vent and seep localities.
Seep and Vent Data
Seep data are from the 12 Cretaceous sites from outer shelf to slope settings listed by Kiel (2010) ; the Cold Fork of Cottonwood Creek (Aptian-Albian), Moreno Gulch (Santonian), and Romero Creek (Campanian) sites, all from slope settings in California (Campbell and Bottjer, 1993; Kiel et al., 2008b) ; the Ponbetsu (shelf edge, Albian) and Kanajirizawa (slope setting, Cenomanian) sites, Hokkaido, Japan (Kaim et al., 2008; Kiel et al., 2008a; Kaim et al., 2009) ; the Sada Limestone (slope setting, CampanianMaastrichtian), Shikoku, Japan (Nobuhara et al., 2008) ; and the Tepee Buttes (shallow continental shelf, Campanian-Maastrichtian), Western Interior Seaway, United States (Kauffman et al., 1996; Shapiro and Fricke, 2002) . Vent data are from the Kambia, Kinuosa, and Memi vent sites (deep water, Turonian), Troodos Ophiolite, Cyprus (Little et al., 1999) .
For the complete list of taxa and their occurrences, see Table DR1 in the GSA Data Repository 1 . This data set is taxonomically relatively homogeneous because most species were recently evaluated by a small group of specialists and many were seen by one of us (Kiel) . The cluster analysis was done using the software package PAST v. 2.13 (Hammer et al., 2001) .
GEOLOGIC BACKGROUND
During the lifespan of the seeps, much of southern Utah was within the Cretaceous *E-mail: skiel@uni-goettingen.de. 
Background Fauna
Normal marine (background) molluscan assemblages in the Tropic Shale become progressively more depauperate through the Cenomanian and diversity remains low until the middle Turonian. The most conspicuous members of the bivalve assemblage are Pycnodonte newberryi, Inoceramus pictus, Lucina subundata, Corbula sp., and Solemya obscura, among others. The gastropod assemblage is dominated by Euspira stantoni, Turritella whitei, Drepanochilus ruidium, Perissoptera prolabiata, and Cerithiopsis sohli. For a comprehensive catalog of mollusk taxa from the same zone at nearby Black Mesa, see Kirkland (1996) . Starting in the N. juddii Ammonite Biozone, the benthic assemblage consists mostly of D. ruidium and I. pictus.
Seep Carbonates
Seep carbonates crop out as patches as much as 3 m in diameter, having a vertical extent of ~1 m, where abundant concretionary masses not larger than 30 cm in diameter are embedded in mudstones and claystones. Thin sections of the carbonates show a burrow-mottled fabric, which exhibits a complex history of repeated burrow excavations and infi lls with variable amount of fossil debris in the individual infi ll generations (Fig. 1A) . There is a trend from soft-sediment bioturbation with diffuse walls of micrite-infi lled burrows toward progressive lithifi cation with sharp, sometimes Fe-mineralized burrow walls (Fig. 1B) . Crustacean microcoprolithes are locally superabundant (Fig. 1A) , and calcifi ed sheaths of fi lamentous, exclusively phototrophic cyanobacteria (Girvanella, Fig. 1C ) indicate a depositional depth within the photic zone. O values. Limestones forming at hydrocarbon seeps inherit the carbon isotopic signature of their parent hydrocarbons, but are also mixed with carbonates from other sources, mainly marine carbonates, with the result that δ 13 C values of seep carbonates are always higher than those of their parent hydrocarbon. This is particularly relevant in the case of the limestones investigated here because even the most negative δ 13 C values (as low as -37.2‰) were measured in micrites with biodetrital components and clearly show that methane was a major component of the seeping fl uids (Peckmann and Thiel, 2004) .
Seep Fauna
Fossils in the Tropic Shale seep carbonates occur abundantly in pockets (Fig. 1D ), but are also scattered throughout the deposit. The fauna is dominated by three taxa that typically cooccur in the pockets. (1) More than 100 mostly juvenile specimens of the aporrhaid gastropod D. ruidium are from both Cottonwood Canyon and Alton Sink; adults larger than 10 mm are rare. (2) Isolated specimens of I. pictus reaching 60 mm in length are common at Alton Sink (N > 50); at Cottonwood Canyon, we found an almost monospecifi c cluster with hundreds of small (<20 mm) specimens, in addition to scattered larger individuals. (3) The lucinid bivalve Nymphalucina cf. linearia is more common at Cottonwood Canyon (N > 100) than at Alton Sink (N > 20); most specimens are juveniles, only few individuals reach 20 mm. The opisthobranch gastropod Tornatellaea? sp. is scattered throughout the deposits; at Alton Sink we found a small, monospecifi c pocket with more than 70 small specimens. Solemyid and arcoid bivalves, the opisthobranch gastropod Goniocylichna sp., the neogastropod Paleopsephaea sp., serpulid tubes, and Callianassa claws are rare; ammonites are common and scattered throughout the deposits. Among the micromollusks are only larval and juvenile shells of species of the macrofauna (D. ruidium, ammonites, and Nymphalucina cf. linearia). Examples of the fauna are shown in Figure 2 .
DISCUSSION
The thermal structure of the ocean is thought to have profound effects on the colonization of the deep sea, possibly including deep-sea vents on August 21, 2012 geology.gsapubs.org Downloaded from and seeps. Paleontological data indicate that ostracods colonized the deep sea more readily when deep-water temperatures were warmer (Benson et al., 1984; Yasuhara et al., 2009 ) and experimental studies showed that larval fi tness and survival rates under pressure increase with increasing water temperature (Benitez Villalobos et al., 2006). The Tropic Shale seep fauna lived during the terminal Cenomanian temperature increase when the oceanic surface to bottom temperature gradient was low and deep-sea bottom temperatures (calculated from foraminifera δ
18
O records) reached 16-20 °C (Huber et al., 2002) . Therefore, the late Cenomanian should have been a favorable time for invasions of the deep sea. Following the hypothesis of Jacobs and Lindberg (1998), shallow-water seep taxa should have recolonized deep-water vents and seeps after the putative extinction of the deep-sea faunas due to the OAE 2. We would therefore expect members of the Tropic Shale seep fauna to be found in coeval and/or younger deep-water seeps.
This expectation is not met: (1) the dominant mollusks of the Tropic Shale seeps belong to taxa that are also the most abundant ones in the surrounding mudstone; (2) the less common taxa in the Tropic Shale seeps are known from the surrounding mudstone; and (3) none of the Tropic Shale seep mollusks is shared with coeval or younger deep-water vents and seeps (Table DR1) . Furthermore, the vast majority of vent and seep-restricted gastropods today are micromollusks (Sasaki et al., 2010) , and potential representatives of them should therefore most likely be found among the many micromollusks extracted from the Tropic Shale seep carbonates. However, all micromollusks of the Tropic Shale seeps are juveniles of the main macrofaunal taxa at these seeps, and none belonged to typical deep-water, seep-restricted clades.
The Tropic Shale seep fauna thus provides no evidence for onshore-offshore invasions of deep-sea vents and seeps. However, this does not preclude that taxa shared between shallow and deep sites existed in other, as-yet undiscovered, shallow-water seeps. Extant deep-sea vent and seep specialists are occasionally found within the photic zone on shallow seamounts (Hashimoto et al., 1993; Comeault et al., 2010) while they are virtually absent from shallow vents and seeps in coastal settings (Dando, 2010) . Thus, if shallow-water faunas played a signifi cant role in the evolutionary history of the deep-sea vent and seep fauna, they might have lived on shallow seamounts rather than a broad epicontinental shelf as the Tropic Shale seeps.
The cluster analysis provides further insights into the relevance of the Cretaceous thermal maximum on adaptations to deep-sea vents and seeps. If this event facilitated invasion of the deep sea, we would expect signifi cant similarity among post-Cenomanian faunas and possibly among pre-Cenomanian faunas, and a notable distinction between them; however, this is not seen in the cluster diagram (Fig. 3) . Instead, there is a clear distinction between Berriasian-Barremian seep faunas on the one hand, and Aptian-Late Cretaceous seep faunas on the other. This indicates a major transition in the evolution of the deep-sea seep fauna during mid-Cretaceous time, and thus before the Cretaceous thermal maximum and the OAE 2. Many of the modern seep mollusks made their fi rst appearance during Aptian to Cenomanian time (Kiel and Little, 2006; Kaim et al., 2009 ).
Shallow and deep-water seep faunas differed signifi cantly in the warm, nearly isothermal early Late Cretaceous ocean (Fig. 3) , as they do in the modern ocean with its strong thermocline (Dando, 2010) . The remaining possibility that areas with a cold isothermal water column (i.e., the polar regions) served as a gateway to deepsea vents needs rigorous testing. However, anecdotal evidence suggests otherwise, i.e., molecular phylogenetic data for vent-endemic taxa on extant vents near Antarctica suggest that they are derived members of their respective clades (cf. Rogers et al., 2012) . This is in contrast to the expectation that if these clades had originated around Antarctica, the Antarctic species should be basal members of their clades. Extant vent faunas in the Arctic Ocean appear to be a mix of local deep-water taxa and recent invaders from North Atlantic and North Pacifi c vent and seep sites, but not from adjacent shallow-water habitats (Pedersen et al., 2010) .
The Cenomanian Tropic Shale seep fauna and our analysis of faunal similarity among Cretaceous vent and seep faunas suggest that shallow-water methane seeps are not the place where animals acquired evolutionary novelties that predestined them to successfully colonize deep-sea vents and seeps. Furthermore, shallow-and deep-water seeps are apparently inhabited by very different faunas independent of the vertical temperature gradient in the oceans. We therefore presume that adaptations to deep-sea vents and seeps are acquired (or selected for) in environments below the photic zone.
